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ABSTRACT

A Phase Il study was recently completed to measure ammonia emission fluxes from pine and oak forest soils
(indluding forest biogenic “litter”) in Eagt Texas during summertime conditions. The resulting fidld dataindicate
that actud summertime ammonia emissons from pine and oak forests are three to four orders of magnitude
lower than those based on published emission factors and used for the Phase | inventory. The Phase | study
was completed to estimate annud-average emissions of ammonia from 64 non-point source emission sub-
categoriesin each of 254 countiesin Texas. The 64 non-point source emission sub-categories fdl into saven
magjor source categories. anima husbandry, fertilizer gpplications, on-road vehicles, non-road sources,
municipa wastewater disposal, domestic sources, and natural soil and vegetation. Statewide ammonia
emissions for 1996 were estimated to be 921,000 metric tons, with greater than 50% originating from natural
soil and vegetation, and 80% emitted from pine and oak forests, and cattle. However, the estimates for pine
and oak forests were characterized as having a great dedl of uncertainty. Thus, the revised Statewide anmmonia
emissons estimates for summertime conditions are an gpproximate factor of two lower than previoudy
predicted. Anima husbandry activities are predicted to nearly aways contribute greater than 85% of non-point
source ammoniaemissonsin rurd countiesin Texas. In urbanized counties, domestic sources and animal
husbandry are estimated to be the two most important non-point sources of ammonia emissions, with dogs and
cats being the greatest contributors within the domestic source category. Ammonia emission factors from pine
and oak forest floors are presented.

INTRODUCTION

Ammonia (NH;) emissions to the atmosphere are significant for severa reasons. NH; transport and deposition
can lead to nutrient over-saturation (eutrophication) of downwind terrestria and aguatic environments:?
Ammoniaadso interacts with regiond and globa atmospheric sulfur cydes, thus having a potentid impact on
regiond vishility and globa warming. Findly, the secondary fine particulate matter (PM ., 5) that is formed by
reactions involving NH; are a growing concern in terms of their potentia impacts on human hedlth.



NHj;'srolein aamospheric chemidtry isaunique one, sinceit is the only identified gaseous basic condtituent in an
amosphere that is relatively plentiful in the acidic products of oxidation of gases emitted from the ground. As
such, resulting neutrdization products such as ammonium bisulfate, anmonium sulfate, and ammonium nitrate
are known to be important components of atmospheric aerosols, including cloud condensation nuclei.?

Southeastern Texas, which includes the densdly populated ozone non-attainment areas of Houstory
Galveston and Beaumont/Port Arthur, experiences annud average concentrations of PM , 5 in the range of
10-14 pg/m? and concentrations close to 15.0 pg/m? are experienced in Northeast Texas based on data
collected from 2000 - 2001.2 Given the recent courts ruling on the proposed EPA PM , s standards (see
http://pacer.cadc.uscourts.gov/common/opinions/200203/97-1440c.txt ), Southeastern and Northeast Texas
are close to exceeding the new national clean air tandards of 15 pg/m? (over a 3-year averaging period).

Superimposed on these background concentrations there may exist areasin which industria and urban
emissions drive annud average concentrations of fine PM to higher levels. Although Southeastern Texasis
designated as attainment under the current PM-10 standard, urban areas in this region may not be in attainment
with the proposed PM,, ; standard. The total economic benefit for reducing exposure associated with
compliance of the PM, s NAAQS in 2007 is estimated to be 3 billion dollars in Houston/Galveston.*

Thereis sgnificant evidence that suggests that natura soil is an important contributor to global NH, emissions?
For example, anmonium is found a reatively high concentrations in rainwater and concentrations are greater
over soilswith high pH, a condition that shifts the acid-base equilibrium in soil from ammonium ionto NH;, i.e.,
the volatile species. Atmospheric NH; concentrations are greeter over land than over oceans and increase with
increasing soil temperature. However, measurements of NH; emissions from naturd soils are sparse and
corresponding emission factors are characterized by significant uncertainties. These facts are particularly true
for NH; emissions from forested aress, e.g., pine and oak forests that cover large areas of East Texas.

A Phase | study was completed for the Texas Natural Resource Conservation Commission (TNRCC) and
provided afirst estimate of non-point source NH; emissionsin Texas® A tota of 64 non-point sources of NH,
were consdered. Each source required significant reviews of existing literature and relevant databases prior to
the selection of gppropriate emission factors and source activity data. The intent of the study was to develop
county-by-county estimates of non-point source NH; emissonsin Texas during the year 1996. Thiswas
accomplished for the 254 counties in Texas through the use of published emission factors and county-specific
activity data for those sources. A tota of 64 non-point source emission sub-categories were addressed, each
fdling into one of seven mgor source categories. anima husbandry, fertilizer gpplications, on-road vehicles,
non-road sources, municipal wastewater disposal, domestic sources, and naturd soil and vegetation. Statewide
NH; emissonsfor 1996 were estimated to be 921,000 metric tons, with greater than 50% originating from
natural soil and vegetation, a source that was predicted to be dominated by pine and oak forestsin East Texas.
However, estimates for pine and oak forests were characterized as having agreat ded of uncertainty and a
magor recommendation semming from the Phase | study was the need for improved emissons estimates for
those sources. Omission of these two sources (pine and oak forests) lead to an gpproximate factor of two
decrease in predicted NH; emissions from non-point sourcesin Texas. Natura soil and vegetation were
predicted to be the dominant source of NH; emissionsin rurd East Texas and were significant even if predicted
emissions from pine and oak forests are reduced by an order of magnitude.

Reported NH, emission factors (kg/kn-year) for forests span nearly three orders of magnitude. One
published emission factor is specific to oak forests. Severa attempts to develop NH; emisson inventories,
e.g., Radian, ® have relied on an emission factor of 365 kg/kn-year for forested areas as reported by Gharib
and Cass.” However, this value was assumed based on an extrapolation from bare soil. Three sets of



researchers measured NH; fluxes from coniferous forests that had been amended with fertilizer gpplication to
forest floors.®  1° Reported emission factors ranged from 105 to 7,000 kg/kn?-year. Langford and
Fehsenfdld 1* reported an emission factor of 35 kg/kn-year for an unfertilized coniferous forest in the United
States. Kim*2 reported mean emission factors of 17,700 kg/kn-year and 13,600 kg/kn-year for pine and
oak forests, respectively, in South Korea.

Severd authors have attempted to estimate global, continentd, or regiond-scae NH; emissons and have
included naturd soil and vegetation in their estimates. However, the role of forested lands in predicted
emissonsis often omitted or not clearly described.

Dawson? presented a simplified mode in which globa NH; emissions from soil were estimated based on the
generation of soil ammonium from the microbia decomposition of organic matter and microbid nitrification
rates. Chemica equilibrium was assumed between ammonium and NH; in the soil, and partitioning between
soil moisture and air was caculated in accordance with Henry’ slaw. Trangport to the soil-atmosphere
interface was estimated by Fick’ sfirst law (molecular diffusion). Dawson? estimated global NH,; emissons
from undisturbed soil and vegetation as 47 million tons/year but did not account for re-absorption by vegetation
canopies. Given agloba land areaof 1.175 x 10" kn?, this trand ates to a globa-average emission factor of
only 3.6 kg/km?-year for undisturbed soil and vegetation, far less than the emission factors reported in the
phase 1 study for forested areas. Predicted NH; emissions were greatest for the latitude band of 30-40° N,
within which globa emissions estimates from undisturbed soil and vegetation were predicted to be 21% of
globa emissons. Interestingly, much of East Texas (north of Houston to the Oklahoma border) fals within this
latitude band. Dawson? predicted that during summer periods, there should be little diurnd variation in NH,
emissons but that nighttime reductionsin NH; emissions should be significant during winter periods in the 30-
40° N latitude band. Predicted NH; emissons were only 13% lower in winter, relative to summer, during
daytime conditionsin the 30-40° N band. However, in the same band, NH; emissons a night were predicted
to be 74% lower in winter rdative to summer conditions.

Schlesinger and Hartley 2 predicted globa ammonia emissions (as NH,-N) of 6.1 to 45.3 million metric tons
per year contributed by “un-managed” soil. Thus, their upper-bound estimate of ammonia emissons from soil
was sSmilar to the value presented by Dawson,? but the lower bound was a factor of 7.7 lower than that
predicted by Dawson. Schlesinger and Hartley 2 dso provided arange of predicted globa ammonia emissions
estimates from temperate forests as 1.2 to 12 million metric tons per year.

Bouwman et al.* estimated globa ammonia emissonsin 1990 as 54 million metric tons per year (NH;-N), with
soils under natura vegetation predicted to contribute only 4.4% to the total. However, unlike others, Bouwman
et al.* assumed a canopy re-absorption coefficient ranging from 0.8 for tropical foreststo 0.5 for temperate
forests and woodlands and 0.2 for other vegetation types. Ther estimates of ammoniaemissons from all
sources in East Texas appear to range from approximately 100 to 500 kg/kn?-year (NH,-N).

On a continental scale, Denmead * concluded that ammonia emissions from naturd fields contribute 47% of
total ammoniaemissionsin Austrdia. He used emission factors of 550 and 1,095 kg/kn-year for each of two
seasons. Lee and Langhurst *° predicted that vegetated land contributes only 2.4% of total anmonia emissions
in adensdy-populated region of Northeast England, the dominant source being cows (2/3 of predicted total
ammoniaemissonsin the region).

Finaly, in arecent Phase | study completed for the TNRCC, Cors et al. ° estimated that naturd soil and
vegetation account for 52% of statewide non-point source NH; emissonsin Texas. The mgority of those
emissions (94%) were predicted to be from pine and oak forestsin East Texas. However, relaively large



emission factors reported by Kim*2 were used for the Phase | study. Based on results of the Phase | study for
TNRCC, obvious variationsin reported emisson factors, and contributions of forested lands to emission
inventories, there was a significant need to improve the existing knowledge base related to NH; emissons from
forested lands.

The large uncertainties and potentia significance of NH; emissions from pine and oak forestsin Texas as

predicted during the Phase | study described above was the motivation for completion of this project
described herein.

Project Scope and Limitations

Scope

1) Measurement of NH; fluxes from forest floors (soil + litter) and surrounding legf litter and sol
properties during 16 flux sampling event,

2) Two locations in each of two pine and two oak forests (eight combinations),

3) Sampling during summer months only,

4) NH; emissonsfrom pine and oak forest floorsin East Texas,

5) Presentation of emissons factors,

6) Firgt cut mode run results for emisson rates, and

7) Implications of findings and conclusons.

Limitations

1) Neither dry nor wet deposition are addressed in this paper, however, the NH; deposition
component of the project’s final report ¢ should address existing literature, methodologies,
models, and present computationa sengtivity anayses,

2) No part of the tree wood and bark surfaces, the ssomata and leaf surfaces which serve as
pathways for bi-directiona exchange of NH; during the day, physica adsorption to leaf-surface
waxes or dissolution in water films are addressed in this paper,

3) There was sampling during summer months only, and

4) Only firgt cut preliminary mode run results have been used to address annud emissons
implications.

The NASA CASA (version B) mode ' developed at NASA-Ames provided preliminary modeling results that
are used in this paper. The mode run used climate data for 1988, and default model soil pH data (vs. the pH
values of the soil from the tested sites). 2 The run results were provided *® to the authors as a courtesy and
only asafirg cut approximation. Even given the precipitation and pH variances (over time and space) between
1998 and 2001, the results were used to establish that the emission factors and estimates developed during this
project were within less than an one order of magnitude of modding results.

A congderable effort was made at the outset of this project to review available methods for analysis of airborne
NH;, and to determine the approach that was ultimately selected for fidld sampling. A summary of current NH;
monitoring methods covering collection devices aswel as andys's equipment and techniques is presented in this
chapter. Both collection (time-averaged) and continuous measurement approaches are discussed covering
detection limits, sampling time, and additiond details rdated to instrumentation.



MEASUREMENT OF AMMONIA EMISSIONS
The Three Main Components

There are three main components of the NH; emisson measurement system. These are an Advanced Pollution
Instrumentation Model 701 zero air generator, an emission isolation flux chamber, and a Thermo
Environmenta Ingruments Mode 17C ammonia andyzer (a continuous flow chemiluminescent NH; andyzer).
PFA Teflon tubing (Y#inch diameter) was used to provide the zero air feed to the chamber and connect the
sample chamber port to the andlyzer. See Figure 1 for system configuration schematic.

For this project, pressure release was provided by a 3 cm. diameter hole at the top of the chamber to allow
excess supply air to escape and to alow access for measurement of ground and air properties ingde the
chamber. Not shown are the power conditioner which provided voltage regulation, keeping the supply voltage
for the andyzer system stable at 117V+5% , Sdewadls of a shade canopy which was moved as necessary as
the position of the sun changed during the day, and alaptop computer which was used to control the analyzer
and to provide red-time graphing of emisson measurements. The computer was also used to log al analyzer
output to the hard drive for later analyss. The andyzer has a datalogger capable of storing 50,000
measurements for data backup in case of temporary computer communication problems.

M easur ement L ocations

A st of criteriafor selecting gppropriate locations for field measurements was developed, taking into account
the mix of tree species a a given location and requirements for monitoring equipment and activities.

The firgt requirement for monitoring locations was that the forests be representative of typica Texas pine and
oak forests. This helps ensure that the measurements teken a ardatively smal sample of locations accurately
reflect the overdl behavior of pine and oak forests statewide. Sdecting Sitesin pine forests for NH; emissons
monitoring is fairly sraightforward. Virtudly al the pine forestsin Texas consst of Loblolly Pine and are
relatively homogeneous. The Stuation is not as Smple with oak forests. There are 28 species of oak found in
Texas, and they occur in awide range of terrains and vegetation type groupings.

The analysis was based on recently-developed, detailed land use/land cover (LULC) and biomass density
databases devel oped for other projects sponsored by the TNRCC. 2 2122 28 These databases were based on
the nationd, county-level Biogenic Emisson Landuse Database (BELD), the United States Geologica Survey
(USGS) Land Cover Characteristics database, and the Texas Parks and Wildlife Department’ s vegetation
database. The new databases enhanced the resolution of the LUL C information, refining it to a 4-kilometer
grid. In addition, extensve field surveys were used to determine the actua species vegetation mix and area
fractions, dong with improved lesf biomass density figures.

Oak Site Locations

Purtis Creek State Park is located about 3.5 miles north of the city of Eustace, Texas and about 15 miles
northwest of Athens, Texas. The physica address of the park is 14225 FM 316, Eustace, TX 75124. The
monitoring Site was located at 32°21' N, 96° 0' W.

Cooper Lake State Park has two units: Doctors Creek and South Sulphur Units. South Sulphur Unit was
vigted and is about 14 miles west of Sulphur Springs, Texas. The physicd address of the park is Route 3, Box



741, Sulphur Springs, TX 75482. The monitoring Site was located at 33° 22' N, 95°40' W. See Figure 2 for
locations of the most representative post oak forestsin Texas.

Pine Site L ocations

Loblolly Pineis the dominant pine species found in East Texas and is the cornerstone of East Texas wood
harvesting and processing industries. 2* As such, sampling sites located in forests dominated by Loblolly Pine
were selected. Both forests are owned and operated by the U.S. Department of Agriculture.

Davy Crockett National Forest islocated near the city of Crockett, Texas, and the physical address of the
Forest isRoute 1, Box 55 FS, Kennard, Texas 75847. The monitoring site was located at 31° 24" N,
95°10" W.

Sam Houston National Forest is New Waverly, Texas, and the physical addressis 394 FM 1375 West, New
Waverly, Texas 77358. The monitoring site was located at 30° 33' N, 95° 39' W. These forests are owned
and operated by U.S. Department of Agriculture.

Sampling Sitesand Events

Four sampling Sites were sdlected at each location (4 Sites/location x 4 locations = 16 sampling Stesevents). A
sngle sampling “event” was completed a each sampling Ste. A sampling event involved set-up of experimentd
indrumentation, a least one and possibly two sets of multi-hour flux chamber measurements, collection of soil
samples, and ambient air sampling (at most sampling sites).

Soil Samples

The soil and ledf litter samples collected in the fidld were andyzed for ammonia nitrogen usng EPA Methods
350.1 and 350.2, which were modified for the analysis of soil samples.® In EPA Method 350.1, the
concentration of ammoniais determined colorimetricaly whereas in the modified EPA Method 350.2 utilized in
this project, the samples were firgt didtilled in aboric acid solution and the concentration of anmmoniain the
didtillate was then determined titrimetricadly. Approximatey haf of the samples were andyzed in alaboratory a
the University of Texas (UT) a Austin using modified Method 350.2. A commercid laboratory located in
Audtin, Texas andyzed the remaining soil and leaf litter samples using EPA Method 350.1.

The pH and moisture content of the soil and leaf samples were determined at the UT laboratories. The
procedures for pH and moisture content were based on EPA Methods 150.1 and 160.3, respectively.

Indl cases, representative sub-samples of the soils or legf litter stored in the sampling jars were selected for
ammonia, pH and moisture content andlyses. No attempt was made to sieve or screen the samples prior to
andyss. See Table 1 for mean soil properties at forest monitoring Sites.

TimeFrame
Sampling events occurred between July 19, 2001 and August 4, 2001. Theinitid plan wasto evauate and

select sampling locations and to evauate, purchase, and prepare fied ingrumentation in the fal of 2000. Fdd
sampling events were then to be completed in the winter and spring of 2001 (8 sampling events per season).



However, significant delays were incurred with respect to acquisition and receipt of the NH; analyzer used for
this project. Following acquisition, an additiona delay of gpproximately five months occurred as a result of
instrumentation problems and necessary trouble-shooting.

Experimental M easurements of Ammonia (Summertime Conditions)

Characteristic plots of NH; concentration measurements from the flux chamber system are shown in Figures 3
and 4. Figure 3 showsaplot of atypica primary flux (dynamic) measurement with an initia pesk concentration
due to entrained surface layer NH; and a dow decay of the concentration to below the andlyzer’ s detection
limit (. 1 ppb).

Figure 4 shows atypica secondary flux (static) NH; measurement plot. Thereisan initid pesk dueto the
accumulation of NH; emissons while the flux chamber is seded. The concentration decays rapidly asthe
sweep zero ar mixes with the ar in the chamber and dilutes the NH;.  This dilution continues until the NH;
concentration drops below the detection limit.

Reaults associated with both dynamic (flow-through sweep air) and static (no sweep air) chamber experiments
are presented in Table 2. Dynamic experiments were atempted a each ste. However, 15 of 16 dynamic
experiments lead to terminad NH; concentrations of lessthan 1 ppb, i.e., the NH; concentration indgde the
chamber head space dropped to less than the manufacturer-specified method detection limit. As such, these
emission factors are listed as less than amaximum value (1.2 kg-NHy/kn?-month).  During one dynamic
chamber experiment in Sam Houston National Forest, the terminal NH; concentration in the chamber head
space leveled a 1 ppb and, as such, the emission factor for this experiment islisted as 1.2 kg-NHy/km?-month.
The reader is cautioned thet thisvaueis a the method detection limit.

Static chamber monitoring was completed during 10 of 16 experiments. Although this technique was not
employed at every gte, it lead to remarkably consstent results between those sites where it was employed.
Arithmetic mean emission factors based on the use of the gtatic chamber method a Sam Houston and Davy
Crockett National Forests were 0.09 kg-NHy/kn?-month and 0.08 kg-NHy/knm?-month, respectively. The
arithmetic mean emisson factor over four static chamber experimentsin oak forests (Purtis Creek and Cooper
Lake State Parks) was 0.13 kg-NHy/kn?-month. Due to the limitations associated with dynamic chamber
experiments, we opted to use gatic chamber results as being representative of summertime emission factors for
pine and oak forestsin East Texas.

COMPARISONS
Comparison with Published Findings

Before comparing the emission factors derived from this project with previous measurements or estimates, it is
ingructive to review the state of knowledge related to NH; emissions from undisturbed soil, particularly as
related to forest litter and soil. Of particular Significance are the conflicting arguments made about NH,
emissions from undisturbed soils and forests and the sparseness of measured emissons.

In aclassic and often-referenced paper, Dawson? argued that undisturbed land is likely the primary source of
globa NH; emissons. This assertion was made based on relative NH; concentrations over land and sea,
higher NH, concentrations over soil favorable to NH; emissions (low pH, high temperature), and gpplication of
asimple NH; emissions modd for undisturbed non-fertilized soil. However, Dawson? acknowledged that, as



of 1977, “emisson from uncultivated, unfertilized vegetated land has never been measured.” Fifteen yearslater,
Langford et al.!* noted that gaseous NH; fluxes in unmodified forests are virtualy non-existent.

Schlesinger and Hartley 2 indicated that little is known about the volatile loss of NH, from non-agricultura soils
in which ammonium (NH,") is derived from mineraization of organic nitrogen. Asman et al. 2° observed that
emissonsfrom B-Napus canopies following the depogtion of |eaf litter gppear to be “sgnificant”. They
recommended that decomposition of leef litter as a ground source of NH; emissions needs further investigation.
However, in arecent paper by Pryor et al., ?’ the authors suggest that soil conditions, particularly surface soil
pH < 6.5, precludes alarge efflux of NH; emissons from forest floors.

While there are conflicting views on the relative importance of NH; emissions from forest floors, resolution of
this issue has been difficult due to the sparseness of field data. In large part, thisis due to the difficulty of
measuring NH; fluxes in the gpace between aforest floor and overlying canopy. Aerodynamic gradient
techniques that have been used to measure NH; fluxesin open fields and, in afew cases, above forest canopies
are sverdly redtricted by localized flow perturbations, i.e., due to tree trunks and limbs above the forest floor.
Schlesinger and Hartley 2 al'so described difficulties associated with gradient techniques affected by externd
agricultural and industrid sources, the former being of potentia significance in many parts of East Texas.
Langford et al. ** and Schlesinger and Hartley *® also described numerous difficulties associated with the use of
surface flux chambers due to potentia influences of the chamber on environmenta forces (wind above surface,
surface temperature) that affect NH; fluxes. Concerns regarding NH; sorption to chamber walls were dso
expressed.

Comparison with Previoudy M easured Emission Factors

For this project, we determined mean summertime NH; emission factors for pine and oak forest floors of 0.09
and 0.13 kg/km?-month, respectively. These emission factors are significantly lower than any measured
previoudy. Agan, it isimportant to note that the forests used in this project were not artificidly fertilized, while
severd of those that formed the basis for previous studies had been amended with urea-nitrogen. & ° 1° The
remaining two emission factors* 12 for pine/coniferous forests differ by afactor of 500 (2-3 orders of
magnitude), suggesting the difficulties and potentia errors associated with sdecting a sngle emisson factor for
esimating NH; emissons from forests.

After dividing by 12 to convert the emission factor to amonthly basis, the emission factor reported by Kim *2
for pine forests in South Koreais over four orders of magnitude grester than the emission factor determined in
thisproject. Smilarly, Kin's emisson factor for oak forestsis dightly less than four orders of magnitude
greater than the emission factor for oak forest floors determined in this project. Although significantly lower
than the emission factor reported by Kim*2 for pine forests, the emission factor reported by Langford and
Fehsenfeld ! for coniferous forests is 32 times grester than the summertime pine forest emission factor
determined for this project.

The implications of the large differencesin Kim’'s emission factors with those reported herein are discussed
below.

Comparison with Previoudy Predicted Emission Factors
A small number of researchers have predicted NH; fluxes from forest soils based on mathematica models that

differ significantly in complexity. Bouwman et al.* developed a simple model to estimate globa emissions of
ammonia and included temperate forests in their predictions. They estimated 0.03 g/n-year (2.5 kg/kn-



month) ammonia emissons from temperate forests, a vaue gpproximately 20-30 times greater than those
measured in this study for East Texas. However, the Bouwman et al.* mode did not account for soil pH
effects and may therefore underestimate emissions from dkaine soils, while potentialy over-estimating
emissons from acidic soils, e.g., soilsin East Texas.

Dawson? developed a more sophisticated model than Bouwman et al. to estimate globa emissions of
ammonia from undisturbed land. His mode accounted for pH effects on ammonia/ammonium equilibrium
partitioning in soil. It consdered the degree of exchangeable ammonium resulting from a balance of litter
decomposition and nitrification. Emissions were derived based on molecular diffuson of NH; through the top
10 cm. of top soil. Resulting emissions from undisturbed soil within 30-40° N latitude were predicted to be 9.2
billion kg/year over an areaof 15.57 million kn?. Normdizing emissions by areaand dividing by 12 (to obtain
amonthly average) yields an emission factor of 49 kg/kn?-month, approximately 500 times greater than forest
floor emission factors derived in this study for East Texas. Dawson? did not separate forest emissions from
other land types.

Langford et al.!* used the Dawson? modd to estimate ammonia emissions from forest floors using soil-specific
properties (surface pH and ammonium concentration) from three forestsin the United States. For amountain
coniferous forest in Colorado (pH = 5.22; NH," = 17.3 g/kg), they estimated an emission factor (normalized
here to amonthly average) of 0.25 kg/kn?-month. For atemperate coniferous forest in Alabama (pH = 5.3;
NH," = 5.6 g/kg), they estimated an emission factor of 0.10 kg/kn?-month. For a temperate deciduous forest
in Tennessee (pH = 4.7; NH,* = 17.9 g/kg), they estimated an emission factor of 0.05 kg/km?P-month. These
emission factorsin U.S. forests bound the values that were derived based on our measurementsin East Texas.
While the assumed soil surface temperature of 20° C was less than those observed in this project, the soil pH
and ammonium concentration levels were reasonably consstent with those measured in East Texas.

Potter et al.?® recently completed arigorous modeling evauation of ammonia emissions from native soilsin
Cdifornia. They employed the NASA-CASA mode within a GIS framework with 8-km resolution. The
model accounts for areawater balances, soil pH and moisture content, litterfall, nutrient alocation, soil nitrogen
minerdization, seasona carbon fixation, surface temperature, and soil anmoniaemissons. Evergreen
needleleaf forests were assumed to have alitter C/N ratio of 100, with a nitrogen dry weight of 0.5%.
Deciduous broadleaf forests were assumed to have a C/N ratio of 65, with a nitrogen dry weight of 0.77%.

Based on aVerson A (moderate pH effects) mode application, Potter et al .2 esimated annua ammonia
emissions from evergreen neediedf forestsin Cdiforniato be 810 metric tons'year over atota areaof 12.4
million hectares. This trandates to an average emissions flux of 0.54 kg/km?-month, six times greater than the
summertime pine forest emisson factor determined in this project for East Texas. Similarly, the average
emission flux for deciduous broadleaf forests was estimated to be 2.6 kg/kmP-month, 20 times greater than the
summertime oak forest emission factor determined in this project for East Texas.

While the recent ammonia flux estimates for Cdiforniaare greater than those measured in East Texas, Potter et
al. 8 predicted significant seasona variationsin ammonia emissions, with 20-fold or greater differencesin
predicted emissons between different months. Soil moisture was predicted to have a sgnificant effect on
ammonia emissons, with much lower emissons from moist soils owing to lower gas diffusivities. Soil pH was
aso predicted to have a sgnificant effect on ammonia emissons, with the highest emissons predicted to occur
for conditions of high pH (akaline soil) and low moisture content. In several Cdifornia countiesthet are
dominated by evergreen forests the soil pH ranged from 5.5 to0 6.19. For comparison, 6 of the 8 pine forest
locations that we studied in East Texas had soil surface (5 cm. depth) pH of lessthan or equal to 5.5, and 7 of
8 oak forest locations had soil surface pH lessthan 5.3. Using the same dgorithm that was employed in the



NASA-CASA modd, we estimated a 20-fold reduction in ammonia flux for apH drop from 6 to 5 at a surface
temperature of 30° C, everything ese being equd. Thus, the difference in predicted ammonia fluxes by Potter
et al.?” and those measured in East Texas may not be that great when corrected for pH effects.

IMPLICATIONS: NON-POINT SOURCE AMMONIA EMISSIONSIN TEXAS

Cors et al.® previoudy completed a screening assessment of non-point source emissonsin Texas for the
TNRCC. Annua average non-point source emissions were estimated based on arigorous review of published
emission factors for 64 non-point sources and andysis of activity for each source in each of 254 counties.
Statewide emissionsfor 1996 were estimated to be 921,000 metric tons. Natura soil and vegetation were
predicted to account for 52% of statewide non-point source emissons. The dominant source was predicted to
be pine and oak forests, the sum of which was estimated to contribute 94% of totd emissions from soil and
vegetation. However, emissions from pine and oak forests were based on emission factors published by Kim.*2
As noted above, Kim's emission factors were approximately four orders of magnitude greater than those
observed in this project

The impact of replacing Kim's emission factors with those measured during this project is enormous. Predicted
statewide non-point source emissions are reduced by amost a factor of two, from 921,000 metric tons per
year (mtpy) to 467,000 mtpy.

Predicted statewide emissons from pine forests, located primarily in East Texas, are reduced from 257,000
mtpy to only 16 mtpy. Similarly, predicted Satewide emissions from oak forests are reduced from 197,000
mtpy to 22 mtpy.

Reductionsin predicted emissons from pine and oak forests have a sgnificant effect on the overal contribution
of natural soil and vegetation to statewide non-point source emissons. This source category drops from 52%
to just 3.4% of statewide non-point source emissions.

The reduction in predicted emissions from pine and oak forests dso has a Sgnificant effect on the rdlaive
importance of anima husbandry activities as a non-point source of emissonsin Texas. The overdl contribution
of anima husbandry to non-point source emissions increases by afactor of two, from 39% to 77%. Beef
cattle and milk cows are now predicted to contribute 61% of total non-point source emissonsin Texas.
Developing targeted drategies for effectively reducing emissons and therefore PM , 5 in the aamosphere isthe

god.
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Table 1. Mean soil properties at forest monitoring Sites

Site Sam Davy Purtis Creek | Cooper Lake Range Observed

Houston Crockett

min max

Temperature (°C)
Soil: Surface 26.2 253 217 28.9 23.7 30.9
Soil: 5cm. down 25.1 238 255 26.2 227 271
Soil: 10 cm. down 24.8 24.4 25.1 25.9 233 26.6
Soil: 15 cm. down 24.6 24.1 244 25.7 231 26.1
pH*
Leaf litter 50 53 53 59 42 6.3
Soil: 5cm. down 53 52 51 48 43 6.1
Soil: 10 cm. down 55 54 5.6 * * *
Soil: 15 cm. down 54 54 5.6 * * *
Moisture Content 2 (%) ?
Leaf litter 24.6 279 228 14.2 11.6 36.3
Soil: 5cm. down 43 125 2.8 75 18 200
Soil: 10 cm. down 33 10.9 2.8 * 14 17.3
Soil: 15 cm. down 3.8 11.4 3.1 * 2.2 14.8
NH3-N (mg/kg) *
Leaf litter 20.7 115 277 10.5 0.7 473
Soil: 5cm. down 10.3 3.8 1.8 5.3 0.4 23.1
Soil: 10 cm. down 55 5.4 * * 54 55
Soil: 15 cm. down 2.8 * * * 2.8 2.8
1 Soilsinside flux chamber
2 Soils immediately adjacent to flux chamber




Table2. Summary of Measured Ammonia Emisson Factors (Summer Months)

Pine Forests Emission Factor Oak Forests Emission Factor
(kg/lkm?-month) (kg/lkm?-month)
Forest Name Dynamic Static Forest Name Dynamic Static
Sam Houston <12 - Purtis Creek <12 0.12
1.2 - <12 0.12
<12 0.07 <12 0.17
<12 0.11 <12 -
Average 0.03-1.2 0.09 Average <12 0.14
Davy Crockett <12 0.05 Cooper Lake <12 -
<12 0.10 <12 -
<12 0.12 <12 0.08
<12 0.07 <12 -
Average <12 0.08 Average <12 0.08

Figure 1. Schematic diagram of NH, emission collection and analysis system. Adapted from Ecklund *°

(1992).
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Figure 2. Location of Land Use Codes most representative of Post Oak forests, corresponding to ?Post Oak
Woods, Forests & Grasdands’ vegetation types for Central (37082), East (37083), and North-Central Texas
(37085). Also shown are the locations of the four monitoring Sites used for this project.
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Figure3. Typicd primary flux (dynamic) NH; concentration measurement profile, showing
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